The tetrahydropyramidine hydroxyectoine acts as an osmolyte in a range of bacterial species, but its use as a desiccation protectant is less well explored. Recently, it was demonstrated that hydroxyectoine provides effective stabilisation of the Gram-negative species Pseudomonas putida, which is only relatively poorly preserved by the better-characterised protectant, trehalose. It is now shown that hydroxyectoine also protects the paradigmatic bacterium, Escherichia coli: osmotically-preconditioned E. coli dried in hydroxyectoine exhibited a high degree of desiccation tolerance, similar to that achieved using trehalose in this species. Hydroxyectoine is apparently accumulated from hypersaline medium in preference to trehalose biosynthesis, but E. coli loaded with hydroxyectoine in this way showed reduced stability in the dry state. This suggests that, although both hydroxyectoine and trehalose perform equally well as extracellular protectants, trehalose is preferred for intracellular protection.
Introduction
When Escherichia coli is grown in high osmolarity conditions it accumulates and/or synthesises compatible solutes (e.g., glutamate, trehalose, proline, glycine betaine) in response to the increased osmotic pressure in the medium (see [1] for a review). For example, in minimal medium, trehalose can be synthesised at concentrations up to 400 mM during late exponential phase [2] [3] [4] . In vitro, trehalose has also been shown to protect biomolecules from damage due to desiccation (e.g., [5, 6] ). The increased intracellular concentration of trehalose in E. coli resulting from adaptation to osmotic stress has also been correlated with improved survival of desiccation [7] . This has been exploited, with a view to biotechnological applications, to provide otherwise desiccation-sensitive enterobacteria, such as E. coli and Salmonella enterica, with a high degree of stability in the dry state, comparable to that known in naturally desiccation-tolerant organisms [8, 9] . This approach is known as anhydrobiotic engineering, and it has been achieved in E. coli by osmotic preconditioning, such that high intracellular trehalose concentrations -and perhaps other adaptations -are induced, followed by vacuum drying bacteria in a thin trehalose glass [10] . In this way, both the inside and outside of the cell are protected by trehalose.
The general applicability of trehalose for this process was brought into question, however, when anhydrobiotic engineering of another Gram-negative bacterium, Pseudomonas putida, was attempted. In this case, increased intracellular trehalose levels produced by genetic engineering did not improve desiccation tolerance [11] . Intriguingly, however, another compatible solute, the tetrahydropyrimidine hydroxyectoine, was able to confer on P. putida a high degree of resistance to desiccation, and stability in the dry state. Vacuum drying of osmotically-preconditioned P. putida in hydroxyectoine gave results comparable to those of anhydrobiotically engineered E. coli [11] . This was especially surprising given that osmotically stressed P. putida is only able to synthesise low levels of trehalose.
As a compatible solute, hydroxyectoine can improve growth of E. coli in high osmolarity growth medium [11, 12] , presumably due to intracellular accumulation. In addition, there is evidence to suggest that hydroxyectoine can also improve the survival of air-dried and freeze-dried E. coli when added extracellularly, although, in the single report in the literature, viability decreased by several logs during drying and storage [13] . In the present study, we ask whether hydroxyectoine can also be used for anhydrobiotic engineering of E. coli and compare its performance as either extracellular or intracellular stabiliser with that of trehalose.
Materials and methods

Reagents
Hydroxyectoine, glycine betaine, and trehalose were purchased from Bitop GmbH (Witten, Germany), Sigma (Poole, UK), and Alchemy International (Hambrook, UK), respectively.
Bacterial strains and culture conditions
Escherichia coli MC4100 [14] was grown in M9 minimal medium with glucose (20 mM) as sole carbon source at 37°C. To generate hypersaline minimal medium (HMM), NaCl was added to a final concentration of 0.6 M. HMM cultures (with or without added osmolytes) and M9 cultures were inoculated at OD 600 0.05 from a stationary phase culture in HMM or M9, respectively. Where indicated, glycine betaine or hydoxyectoine was also added to the medium.
2.3.
Harvesting, drying and storage of E. coli Aliquot volumes (15 ml) of cultures were harvested by centrifugation. Cell pellets were rinsed in fresh growth medium without carbon source and then resuspended at 10 7 -10 9 cfu/ml in the appropriate drying excipient (1 M trehalose or hydroxyectoine) plus 1.5% (w/v) polyvinylpyrrolidone (PVP; Merck, UK) as a viscosity enhancer. The suspensions were distributed in 100 ll aliquots into 7 ml glass serum vials. All manipulations were done at ambient temperature. Drying was performed in part-stopped vials under vacuum without freezing in a modified freeze dryer, as previously described [11] . Dried samples were sealed under vacuum and stored for 1, 7 or 42 days at 30°C after which they were resuspended in Luria Broth (LB) to a total volume of 1 ml. For assessment of viability, serial dilutions (in LB) were plated on LB agar, incubated at 37°C for 24 h, and counted to determine cfu.
Determination of intracellular trehalose concentration
Samples of cultures (1-6 ml) were centrifuged and washed in growth medium lacking carbon source followed by a second centrifugation. Bacterial pellets were extracted with 70% (w/v) ethanol at 80°C using 0.05 mg of sucrose as internal standard, cell debris were removed by centrifugation, and supernatants were extracted with chloroform. Cell extracts were assayed for trehalose content by gas chromatography, as previously described [11] . Trehalose concentration was calculated against the sucrose standard with reference to viable cell counts.
Results
Anhydrobiotic engineering of E. coli MC4100 using trehalose and hydroxyectoine as drying excipients
To assess the ability of hydroxyectoine to act as a drying excipient for E. coli, an osmotically preconditioned, stationary phase culture of strain MC4100 was diluted in fresh HMM to OD 600 0.05 and samples were taken when cultures reached late-exponential phase (OD 600 1). Cells were dried in 1.5% w/v PVP alone; 1 M trehalose plus 1.5% w/v PVP; or 1 M hydroxyectoine plus 1.5% w/v PVP, and assayed for viability after 1, 7 or 42 days storage under vacuum at 30°C. Bacteria dried without either hydroxyectoine or trehalose (i.e., in 1.5% w/v PVP alone) exhibited relatively poor survival of the drying process and lost viability rapidly during storage. In contrast, survival rates of around 60% were obtained for E. coli when dried in either trehalose or hydroxyectoine ( Fig. 1) , and there was no significant difference in stability of cells dried in either excipient over the storage period. This high degree of desiccation tolerance demonstrates that hydroxyectoine is equally effective as trehalose as a drying excipient for anhydrobiotic engineering of E. coli.
Inclusion of hydroxyectoine in high osmolarity growth medium reduces trehalose accumulation
Since hydroxyectoine apparently functions well as an extracellular (and/or periplasmic) bioprotector during drying, it was of interest to determine whether it can also protect the intracellular environment. Hydroxyectoine is accumulated by E. coli under high osmolarity conditions, but is not used as a carbon source [11, 12] , and therefore behaves like glycine betaine [15, 16] . It should be possible, therefore, to load E. coli with hydroxyectoine simply by incorporating it into high osmolarity growth medium, after which desiccation tolerance can be assessed; the success of this loading strategy can be monitored by its effect on trehalose biosynthesis, which is expected to be reduced, as described for media supplemented with glycine betaine [17] . To test the intracellular concentration of trehalose in E. coli MC4100 in the presence of hydroxyectoine, an osmotically preconditioned culture was diluted in HMM with added 0, 0.1, 1 and 10 mM hydroxyectoine, or 1 mM glycine betaine for comparison. OD 600 was followed during growth ( Fig. 2A ) and samples were taken for trehalose determination (Fig. 2B ).
Cells growing in HMM alone showed the slowest growth rate, but in medium supplemented with hydroxyectoine, growth rate increased with the amount of osmolyte added. The estimated doubling time in the absence of compatible solute was 4.3 h, but was reduced to 3.4, 2.3 and 2.1 h by the addition of 0.1, 1 and 10 mM hydroxyectoine to the medium, respectively. Cells grown in the presence of 1 mM glycine betaine showed the fastest growth rate, with a doubling time of 1.8 h, similar to that in the presence of 10 mM hydroxyectoine; this might indicate that glycine betaine is accumulated more efficiently than hydroxyectoine. In all cases, the peak in trehalose production was reached 16 h after dilution, and seemed independent of the growth phase (Fig. 2B) . The highest trehalose concentration (95 fg/cell ¼ 184 mM, assuming a cell volume of 1.5 fl) was observed in cultures grown in HMM alone and collected 16 h after inoculation. As expected, cultures in HMM plus hydroxyectoine showed a reduction in intracellular trehalose concentration: maximal trehalose concentrations in cultures with 0.1, 1 and 10 mM of hydroxyectoine were 83, 23, and 24 fg/cell, respectively. Cells grown in the presence of 1 mM glycine betaine produced a maximum of 21 fg trehalose per cell.
Substitution of intracellular trehalose with hydroxyectoine reduces desiccation tolerance of E. coli MC4100
To assess the effect of intracellular accumulation of the various compatible solutes (trehalose, hydroxyectoine or glycine betaine) on desiccation tolerance, E. coli MC4100 was grown in M9, HMM alone or HMM plus 1 mM hydroxyectoine, or 1 mM glycine betaine. Samples were taken in late exponential phase (at OD 600 1) for drying experiments and trehalose determination. Drying was performed, as described in Materials and methods, in 1 M trehalose plus 1.5% w/v PVP.
The results in Fig. 3 (data set 2) show that the highest survival rate (65% of wet control) was obtained from high osmolarity cultures with no added compatible solutes, immediately after drying; these cells contained a high level of trehalose (126 fg/cell) and survival rates remained above 50% throughout the storage period. By comparison, the lowest survival rate was observed in cells grown in unmodified M9 medium, which contained no detectable trehalose, with viability falling rapidly during storage from around 30% to below 0.5% after 42 days. Cultures grown in the presence of glycine betaine, such that intracellular trehalose concentration was very low (0.8 fg/cell), displayed a survival profile very similar to that of E. coli grown in M9 medium alone. This is in agreement with previous findings [7] and indicates that glycine betaine is unable to substitute for trehalose as an intracellular desiccation protectant for E. coli, although it is reported to offer some protection in lactobacilli [18] . Cells grown in the presence of hydroxyectoine, with an intracellular concentration of trehalose of only 18 fg/cell survived the drying process well (50% recovery), but after 7 days of storage a decline in viability was observed, suggesting that hydroxyectoine is somewhat less effective as an intracellular stabiliser than trehalose. Experiments were repeated three times with similar results.
Discussion
Although hydroxyectoine and the related tetrahydropyrimidine, ectoine, are synthesised by many halotolerant bacteria, E. coli does not produce or metabolise hydroxyectoine [11, 19] . However, hydroxyectoine is able to act as an osmolyte in E. coli [11, 12] , and the degree of osmotolerance (as measured by growth rate in HMM) correlates with hydroxyectoine concentration (Fig. 2A) . These results suggest that E. coli imports hydroxyectoine, perhaps in a similar manner to ectoine, where non-specific transporters ProU and ProP are used [20] . The apparent uptake of hydroxyectoine decreases the doubling time of E. coli in high osmolarity medium to a similar extent as does glycine betaine, and results in a dramatic decrease in intracellular trehalose biosynthesis (Fig. 2B) . This preference for osmolyte accumulation presumably allows a greater proportion of carbon source (i.e., glucose) to be used for growth, instead of maintenance of turgor through de novo trehalose synthesis.
Relatively little information is available on the use of hydroxyectoine as a desiccation protectant. Louis et al. [13] showed that hydroxyectoine offered some protection Fig. 3 . The effect of intracellular compatible solute on desiccation tolerance of E. coli MC4100. Samples 1 were grown in glucose-M9 alone, while samples 2, 3 and 4 were grown in HMM. Samples 3 were supplemented with 1 mM glycine betaine, and samples 4 with 1 mM hydroxyectoine. All samples were dried in 1 M trehalose plus 1.5% PVP. White, light grey, and dark grey bars represent survival at day 1, 7 and 42, respectively, after drying. Error bars show the standard deviation of atleast three replicates.
% survival
to air-dried or freeze-dried E. coli during an extended storage period at low temperature (4°C), but several logs of viability were lost. However, when used with osmotically preconditioned bacteria, extracellular hydroxyectoine performs as well as extracellular trehalose for anhydrobiotic engineering of E. coli (Fig. 1) . There are probably a number of reasons why our results are markedly better. First, Louis et al. do not grow their E. coli strains in high salt medium; therefore, their cells would not contain more than minimal levels of trehalose. As we show (Fig. 3) , and others have published [7] , low intracellular trehalose correlates with poor survival in E. coli. Furthermore, other adaptations relating to preparation for stationary phase, which might be important for cell fitness [21] , are also not likely to be fully expressed in the K-12 strain used by Louis et al. E. coli K-12 strains have an amber mutation in the rpoS sigma factor gene; we use the MC4100 strain, in which rpoS has reverted to wildtype [22] . Secondly, prior to drying, Louis et al. resuspend their bacteria in excipients dissolved in phosphate buffer. Drying in phosphate buffer has a number of deleterious effects, including pH stress [23] . In addition, drying trehalose and other saccharides in the presence of phosphate causes phosphorylation of the sugar's hydroxyl groups; trehalose phosphates do not perform well as stabilisers [24] . Finally, vacuum drying probably leads to much drier samples than the simple air drying and freeze drying protocols used by Louis et al. It is not clear how dry these authors' samples were, but our protocols result in 5-7% residual water content; a higher water content is associated with poor survival in some bacteria [8] .
Not all compatible solutes perform as well as trehalose and hydroxyectoine, since both glycine betaine and ectoine are unable to stabilise osmotically preconditioned E. coli or P. putida (M.M. and A.T., unpublished results). This reflects in vitro results where these compatible solutes were used to stabilise the enzymes lactate dehydrogenase and phosphofructokinase in freeze-drying experiments [25] : enzymes dried in hydroxyectoine and trehalose retained 70-80% activity on rehydration, whereas glycine betaine and ectoine were less effective, although they still performed better than controls dried without excipients. The authors of this study speculated that free -OH groups, present in hydroxyectoine and trehalose but not in glycine betaine and ectoine, were required for effective stabilisation, and that these were involved in hydrogen bond formation with target macromolecules. This relates to the ''water replacement hypothesis'' of Clegg [26] and Crowe and Madin [27] , proposed to (at least, partially) explain the desiccation tolerance associated with anhydrobiosis; this hypothesis could also be invoked to explain the extracellular stabilisation afforded by hydroxyectoine and trehalose to desiccated E. coli. Another explanation might involve the relative glass forming abilities of the various compatible solutes, since organic glasses have been proposed to stabilise certain desiccation-tolerant cell types in the dry state [28] [29] [30] . Pure trehalose is known to form glasses with a glass transition temperature of 100°C, which are therefore stable at ambient temperatures [31] ; to our knowledge, the glass forming potential of hydroxyectoine has not been assessed, however.
Although hydroxyectoine performs well as an extracellular protectant, it seems to be less effective than trehalose as an intracellular stabiliser, at least during storage in the dry state, when viability drops off over several weeks. A possible explanation of this in the context of the water replacement hypothesis is that hydroxyectoine has only a single -OH group per molecule, whereas trehalose has multiple free hydroxyl side chains. Therefore, per molecule, trehalose should be able to form more hydrogen bonds with neighbouring molecules in the cytoplasm, making it a more efficient protectant than hydroxyectoine in such a crowded environment.
It is still not clear why P. putida is less desiccation tolerant when dried in trehalose rather than in hydroxyectoine; clearly no such difference is seen with E. coli. We previously speculated [11] that P. putida might contain desiccation-sensitive extracytoplasmic structures in the periplasm or outer face of the cytoplasmic membrane which are protected by hydroxyectoine, but are not accessible to trehalose as a result of porin selectivity. This hypothesis now needs to be tested by incubating P. putida with labelled hydroxyectoine and trehalose, and assaying the different cell and membrane compartments for their presence.
The demonstration that hydroxyectoine can maintain high viability in dried bacteria, together with its ability to protect enzymes against a variety of stresses (e.g., [25, 32, 33] ), suggests that it is a potent stabilising molecule, as well as compatible solute. It could therefore provide a useful alternative to trehalose and similar protectants for the preservation of biological materials in both research and industry.
